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Extreme climatic events down-
regulate the grassland biomass 
response to elevated carbon 
dioxide
Naiming Yuan1,2, Gerald Moser  3, Christoph Mueller3,4, Wolfgang A. Obermeier5, 
Joerg Bendix5 & Jürg Luterbacher1,6
Terrestrial ecosystems are considered as carbon sinks that may mitigate the impacts of increased 
atmospheric CO2 concentration ([CO2]). However, it is not clear what their carbon sink capacity will 
be under extreme climatic conditions. In this study, we used long-term (1998–2013) data from a C3 
grassland Free Air CO2 Enrichment (FACE) experiment in Germany to study the combined effects 
of elevated [CO2] and extreme climatic events (ECEs) on aboveground biomass production. CO2 
fertilization effect (CFE), which represents the promoted plant photosynthesis and water use efficiency 
under higher [CO2], was quantiffied by calculating the relative differences in biomass between the 
plots with [CO2] enrichment and the plots with ambient [CO2]. Down-regulated CFEs were found when 
ECEs occurred during the growing season, and the CFE decreases were statistically significant with p 
well below 0.05 (t-test). Of all the observed ECEs, the strongest CFE decreases were associated with 
intensive and prolonged heat waves. These findings suggest that more frequent ECEs in the future are 
likely to restrict the mitigatory effects of C3 grassland ecosystems, leading to an accelerated warming 
trend. To reduce the uncertainties of future projections, the atmosphere-vegetation interactions, 
especially the ECEs effects, are emphasized and need to be better accounted.
Atmospheric carbon dioxide concentration [CO2] has increased substantially since industrialization and is pro-
jected to rise by 40% from approx. 400 ppm in early 2017 to 550 ppm by 2050 (RCP8.5 scenario)1,2. The rising 
atmospheric CO2 concentration contributes largely to global warming, and also stimulates ecosystem productiv-
ity3–5. It has been estimated that terrestrial ecosystems have sequestered about 25% of the anthropogenic carbon 
emissions over the past half-century6. Therefore, most ecosystems potentially act as carbon (C) sinks and mitigate 
the effects of increased [CO2]7,8. Concerns regarding the future capacity of ecosystems as C sinks have been raised 
due to the negative effects of extreme climatic events (ECEs)9. Extreme events such as prolonged heat waves, 
droughts, and frosts can significantly reduce ecosystem carbon uptake and productivity, thereby influencing the 
regional carbon cycle10–13 and gradually shifting the ecosystems from a C sink towards a C source10. Since ECEs 
have been projected to increase in both frequency and intensity14,15, studying the combined effects of ECEs and 
elevated atmospheric [CO2] ([eCO2]) on the carbon cycle of ecosystems is important for both understanding 
mechanisms16 and reducing predictive uncertainty17.
Elevated [CO2] stimulates ecosystem productivity (termed the CO2 fertilization effect, CFE) directly through 
(i) enhanced photosynthesis3,18, or indirectly through (ii) reduced stomatal conductance19–22 and (iii) reduced 
respiration23. Accordingly, one may expect stronger CFEs at higher temperatures or in drier conditions24,25, and 
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the negative effects of ECEs may be ameliorated through improving water use efficiency (WUE)26, increasing the 
plant carbon uptake27, and enhancing recovery after ECEs28. However, different studies have demonstrated that 
these theories are not applicable to all ecosystems29,30. In some experiments, [eCO2] was found to have no allevi-
ating effect against ECEs31,32. On the contrary, [eCO2] may increase the risk of exposure to ECEs by extending the 
growing season length33. Meanwhile, ECEs can prevent plants from benefiting from [eCO2]34. The CFEs may be 
strongest under intermediate environmental conditions and vanish under more extreme weather conditions35. 
The inconsistencies in these results indicate an important role for ECEs in altering CFEs, and emphasize the 
necessity for more detailed studies, which have thus far been prevented due to the lack of suitable long-term 
continuous and high quality data36.
In this study, we analyzed data from one of the longest Free Air Carbon dioxide Enrichment (FACE) experi-
ments (Gi-FACE, 1998–2013) in the world and studied the combined effects of [eCO2] and ECEs on aboveground 
biomass production. The Gi-FACE experiment was carried out on a permanent grassland in the German federal 
state of Hesse, near Giessen (50°32′N, 8°41′E) at 172 m a.s.l. (Fig. S1). Three circular plots were subjected to 
[eCO2], while another three circular plots served as controls at ambient [CO2] ([aCO2]). They were arranged 
in a randomized block design (three blocks). The CO2 fumigation began in May 1998 with an enrichment level 
of +20% [CO2] above the ambient level during daylight hours (Fig. S2). The vegetation comprised species-rich 
grassland where aboveground grass biomass contributed more than 2/3 of the harvest in most years (Tables S1, 
S2). Biomass was harvested twice a year before the end of spring (H1) and summer (H2)37 (Table S3).
In contrast to recent work by Obermeier et al.35, that used the summer growing season data from the Gi-FACE 
only, we here focused on both spring and summer growing seasons. That is, not only the extreme climatic condi-
tions in summer such as drought, heatwaves, etc., were studied, but also the extreme events from spring including 
frost events were considered. Since changes of magnitude or frequency of extreme events are likely to impair 
plant production, we here focused on single extreme events rather than estimating the impacts from changes 
of mean climate conditions. Accordingly, our work gives more direct evidences on how ECEs alter CFEs, which 
beyond the work by Obermeier et al.35. The ECEs were determined using various environmental datasets includ-
ing 2m-air temperature records, precipitation records, soil moisture, etc. We determined extreme dry events for 
both growing seasons, anomalous cold events including hard frost in spring, and extreme hot events including 
heat waves in summer. The definitions are provided in the “Material and Method” section, and corresponding fig-
ures can be found in the Supplementary Materials (Figs S3–S8). The CFE in this study is represented by the effect 
size (ES) of the aboveground biomass, which is defined as the relative differences in biomass between the eCO2 
plots and the aCO2 plots. We assumed that the ES of adjacent years under similar growing conditions did not dif-
fer significantly, i.e., sudden changes in growing conditions, such as those caused by ECEs, may lead to significant 
changes in ES. Therefore, by investigating the changes in ES of the biomass in comparison with the previous year 
we were able to examine the impact of ECEs on the yield stimulating effect of e[CO2].
Before the connections between extreme climatic events and the CO2 fertilization effects on the aboveground 
biomass can be studied, we first need to check whether the calculated effect size represented the true CO2 
effect. By setting a repeated measures analysis of variance (rmANOVA) model with factors time, CO2, block, 
time × CO2, and time × block included, the treatment effects for different plant functional groups were studied. 
As shown in Table 1, there were significant CO2 fertilization effects on grass (H1, 1998–2005, 1998–2013; H2, 
1998–2005), but the differences of the forbs (incl. legumes) biomass cannot be explained by the [CO2] treatment. 
As a result, when considering total biomass, the treatment effect was only statistically significant for H2 when the 
PFG Factors
H1 H2
1998–2005 2006–2013 1998–2013 1998–2005 2006–2013 1998–2013
Total
Time 0.033* 0.019* 0.015* 0.026* 0.099 0.051
CO2 n.s. 0.108 n.s. n.s. 0.007** n.s.
Block 0.047* n.s. n.s. n.s. 0.054 n.s.
Time × CO2 n.s. n.s. n.s. n.s. n.s. n.s.
Time × Block n.s. n.s. n.s. n.s. n.s. n.s.
Grasses
Time 0.026* 0.032* 0.006** 0.023* 0.013* 0.032*
CO2 0.004** 0.053 0.005** 0.016* n.s. 0.070
Block 0.002** 0.032* 0.002** 0.047* n.s. n.s.
Time × CO2 n.s. n.s. n.s. n.s. n.s. n.s.
Time × Block n.s. n.s. n.s. n.s. 0.039* n.s.
Forbs & 
Legume
Time 0.016* 0.017* 0.019* 0.071 n.s. 0.039*
CO2 n.s. n.s. n.s. n.s. n.s. n.s.
Block n.s. n.s. n.s. n.s. n.s. n.s.
Time × CO2 n.s. n.s. n.s. n.s. n.s. n.s.
Time × Block n.s. n.s. n.s. n.s. n.s. n.s.
Table 1. P-values for effect of the factors: Time, CO2 treatment, block, time × CO2, and time × block, on 
the biomass (Total, Grasses, and Forbs & Legumes) examined by repeated measures ANOVA. The effect was 
assessed for each harvest (H1 and H2) and the rmANOVA model was used at the full time series, as well as the 
two half time sections as suggested by38. For significant effect at P < 0.05, one asterisk was marked, while for 
P < 0.01, we use two asterisks. ‘n.s.’ indicated non-significant effect at P > 0.1.
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second time section (2007–2013) was considered. This is reasonable as large initial biases of the forbs (incl. leg-
umes) existed in the first few years of the experiment. As discussed in38, since 1997 before the start of the FACE up 
to the years before 2006/2007, there were more forbs and legumes harvested in the aCO2 plots than in the eCO2 
plots. Benefited from the higher [CO2] in eCO2 plots, an increasing trend of ES was observed from 2001 to 2008 
(see Fig. 3 in38), but the positive effects of elevated [CO2] were still covered especially for the first time section 
(1998–2005/2006). Therefore, the ES of forbs (incl. legumes) is not a good indicator for the CFEs. In the following 
analysis, we will mainly focus on the reactions of the aboveground total biomass, as well as grass biomass to the 
emergence of ECEs. The results regarding forbs (incl. legumes) will be shown in the Supplementary Materials 
(Fig. S9).
Using various environmental and meteorological datasets (see “Material and Method” section), different ECEs 
were identified. For the spring growing periods, we identified extreme cold events in 2003, 2005, and 2013; spring 
hard frost events in 2005, 2010, and 2013; as well as extreme dry events in 200739 (Fig. 1). For each year with 
ECEs, see Fig. 2a, the ES of total biomass in H1 was found to be lower than in the previous year, while for most 
non-extreme years, the ES in H1 was higher than in the previous year or remained unchanged. There were only 
two years (1999 and 2012) where lower ES values were found but not related to ECEs. For 1999, one explanation 
for the relatively low ES may be attributed to the initial unbalanced effects of the FACE experiment, as the Gi-FACE 
experiment started in 1998. For 2012, the low ES were most probably related to the extremely low [CO2] enrich-
ment, which was caused by technical problems (Fig. S2). In fact, due to the low [CO2] enrichment in 2013, together 
with the extreme cold events, an even lower ES was found in 2013 than in 2012 (Fig. 2a), indicating a combined 
effect of low [CO2] enrichment and ECEs. Similar results were found for the grass biomass (Fig. 2b). If we remove 
the potential effects of extremely low [CO2] enrichment, and classify the ES changes (compared to the previous 
year) from 1999–2011 into two groups according to the occurrence of ECEs, the ES changes were well separated 
(Fig. 3a,b). For the years with ECEs, the ES decrease were statistically significant with p = 0.01 for the total biomass 
and p = 0.007 for the grass biomass. Therefore, the ECEs in spring played a major role in decreasing the ES.
For the summer growing period, prolonged heat wave events were detected in 2003 and 2006 (Fig. 1), with 
twelve and nine consecutive days with daily maximum temperature Tmax higher than 30 °C, respectively (Fig. S5). 
By calculating the sum of maximum temperatures exceeding 30 °C (killing degree days [KDDs], see “Material and 
Method” section, similar to the definition in40), we found also high values in 2010 and 2013 (Fig. S4c), suggesting 
Figure 1. Detected extreme climate events (ECEs) in the spring and summer growing periods for years from 
1998 to 2013. The colored boxes with check marks depict the occurrence of ECEs in the corresponding years. 
For the spring growing period, ECEs including hard frost in spring, extreme cold and dry events are shown, 
while for the summer growing period, heat wave events, high KDDs, and extreme dry events are detected. 
For the years that experienced a strong heat wave event, we used a dark red color. For the years that did not 
experience a strong heat wave event, but are very close to satisfying the conditions for being a heat wave event (4 
days in a row with Tmax > 30 °C), we used a light red color. Besides ECEs, extreme [CO2] enrichment events are 
also shown.
www.nature.com/scientificreports/
4SCIENTIFIC REPORts |         (2018) 8:17758  | DOI:10.1038/s41598-018-36157-x
potential damages from high temperature in these years. Considering that there were four consecutive days with 
Tmax > 30 °C in 2010 (Fig. S5), which could almost be classified as a heat wave event (see Fig. 1, the light red color), 
we determine that the summer growing period in 2010 also experienced extreme hot events. While for 2012 
and 2013, extreme low and high [CO2] enrichments were observed, respectively (Figs 1 and S2). Therefore, to 
remove the potential side effects from the extreme [CO2] enrichments, we only consider the ECEs in 2003, 2006, 
and 2010. For the total biomass in H2, ES decreases were found in two of the three years (2003, 2010) (Fig. 4a). 
Only in 2006, the ES was not decreased, which was most probably due to the sudden increase of ES of forbs 
Figure 2. Connections between ECEs and the effect size (ES) of aboveground biomass in the spring harvest 
(H1). (a) shows the ES of the aboveground total biomass, (b) shows the ES of the aboveground grass biomass. 
The blue columns mark the years with ECEs, and the type of ECEs are shown within each column. For years 
with extreme [CO2] enrichment events, the columns are in dashed-borders. In both (a) and (b), the decreases of 
ES are marked by blue arrows. As one can see, for all the years with ECEs, the ES of both total biomass and grass 
biomass decreased.
Figure 3. ES changes under different environmental conditions. The ES changes (compared to the previous 
year) were classified into two groups according to the occurrence of ECEs. (a), (c) show the results for the total 
biomass, for H1 and H2 respectively; while (b), (d) show the results for the grass biomass. The dashed line in 
each sub-figure is the zero line. The two groups in each figure are well separated. By applying student′s t-test 
(two sided), the differences are statistically significant with p = 0.01,0.007,0.04, and 0.002 for the sub-figures 
from (a–d), respectively.
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(Fig. S9b). After removing the forbs from the total biomass, ES decreases were observed in all the three years 
(Fig. 4b). Conversely, for the majority of the other years without ECEs, the ES was higher than in the previous 
year or remained unchanged (Fig. 4). If we classify the ES changes (compare to the previous year) into two groups 
according to the occurrence of ECEs, clear separations were again revealed (Fig. 3c,d). For the years with ECEs, 
the ES decreases are statistically significant with p = 0.04 for the total biomass and p = 0.002 for the grass biomass. 
Therefore, the CFEs in H2 also decreased significantly under the effects of ECEs.
To confirm these findings, we also compared the different CFEs using a modification of the new method pro-
posed by Obermeier et al.35, who quantified CFEs as the slopes of productivity versus actual measured [CO2] to 
cope with the varying CO2 concentrations in real-world experiments. Fig. S10 shows the case in 2002 versus 2003 
(H1, H2) and the case in 2009 versus 2010 (H1, H2) for total biomass, while Fig. S11 shows the results for grass 
biomass. For the years without ECEs (2002 and 2009), stronger responses of the total productivity to increased 
[CO2] were found (Fig. S10). While for years with ECEs (2003 and 2010), the slope decreased, vanished, or even 
became negative, suggesting smaller CFEs under the stress of ECEs. Similar results were obtained for the grass 
biomass (Fig. S11). Here, it should be denoted, that the amounts of the biomass harvested from H1 and H2 were 
at different levels (around ~ g m300 500 / 2 and ~ g m200 350 / 2 for H1 and H2, respectively, compare Figs S10a and 
S10b), and thus the linear regression method could not be applied for H1 and H2 together. Therefore, the com-
parison of harvests from two adjacent years as was done here resulted in only six observations which constrained 
the power of the statistical data analysis. Consequently and in combination with the large fluctuations, the differ-
ences of the slopes were not statistically significant. To compensate for this limitations, we additionally defined a 
“standardized” index, which allowed to include the data points from both harvests (shown in Fig. S12). Here, 
statistically significant and pronounced differences between the CFEs in years without ECEs (2002 and 2009) 
compared to years with ECEs (2003 and 2010) were observed.
Discussion and Conclusion
In this study, we investigated the combined effects of extreme climatic events (e.g. heat wave events, extremely 
hot/cold events, extremely dry events, as well as hard frost events, etc.) and elevated [CO2] on aboveground bio-
mass production. Beyond the recent work by Obermeier et al.35 where only the summer growing season data were 
considered, we focused also the spring growing season and ECEs such as the frost event were also studied. Rather 
than estimating impacts from the changes of mean climate conditions, we analyzed the effects of single extreme 
events, which may better reveal the response of biotic system to climate drivers. For both spring and summer, 
we found down-regulated effect size of aboveground biomass when extreme climatic events occurred during the 
growing season. The strongest decreases were associated with intensive and prolonged heat waves. In contrast to 
previous theories that suggest that stronger CO2 fertilization effects may be expected under higher temperatures 
and drier conditions3,18–20, our results suggest the CO2 fertilization effects can be lower if the growth conditions 
are too harsh, e.g., when heat wave events and droughts occur. This is reasonable as plant growth is influenced 
by multiple factors. Besides water, CO2, and light, plants also depend on factors including nutrient availability, 
temperature, pathogens, and herbivores. Stress from ECEs may limit plant growth via reduced enzyme activ-
ity, increased vulnerability to pathogens and herbivores, increased respiratory losses, etc. Accordingly, the high 
availability of CO2 cannot be fully utilized by plants. Our results are different to previous theories, but do not 
violate them. We argue that the previous theories3,18–20 are only applicable within a certain range, which may be 
Figure 4. Connections between ECEs and ES of aboveground biomass in the summer harvest (H2). (a) shows 
the ES of the aboveground total biomass, (b) shows the ES of the aboveground grass biomass. Similar to Fig. 2, 
the ECEs are marked with red columns. For years with extreme [CO2] enrichment events, the columns have red 
dashed-borders. In both (a) and (b), the decreases of ES are marked by blue arrows. As one can see, for most 
years with ECEs, the ES of both total biomass and grass biomass decreased. Only one exception was found in 
2006 for the total biomass.
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determined by the local average environmental conditions35,41. Exceeding this optimal range, e.g., under extreme 
climatic events, the CO2 fertilization will no longer overrule the plant growth.
Besides the growing periods with ECEs, there are also few cases (e.g., 1999 and 2012 for both total biomass and 
grass biomass in H1; 2009 and 2012 for grass biomass in H2) where the decreased ES were not related to ECEs. 
Accordingly, the occurrence of ECEs is only a sufficient condition for the decrease of ES, not a prerequisite. The 
changes of ES can be influenced by other factors such as anomalous low [CO2] enrichment, or PFG competitions. 
For instance, the decreased ES in both harvest of 2012 were most probably related to the extremely low [CO2] 
enrichment (Fig. S2), which was caused by technical problems. For H2 in 2009, the competition between grass 
and other plant functional types (forbs, legumes) may have contributed to the decreased ES of grass biomass 
(Fig. S13). The interactions between plants also plays an important role, e.g., in dry growing periods, one of the 
dominant grasses and biomass builder (Arrhenaterum elatius) reduces significantly its growth but is only in parts 
replaced by other species. This was part of other studies38. In our analysis, only the abiotic climatic factors were 
considered, biotic factors and species interactions were disregarded.
In view of the non-negligible effect of ECEs, it is necessary to include the effects of ECEs for the understanding 
of ecosystem responses to increased [CO2]. Properly quantified indexes that present the effects of ECEs may be 
important for future projections. In our work, we calculated the killing degree days (KDDs) as one measure of 
the extreme events. Actually, it can also serve as an useful indicator of the negative effects of high temperatures in 
summer. Before showing the relations between KDDs and ES in H2, it is worth noting that the enrichment level of 
[CO2] was set as 20% above the ambient level and in most years, the actual measured enrichment level was indeed 
around 20% (Fig. S2). However, due to technical problems, the [CO2] enrichment in summer growing period was 
extremely low (7.62%) in 2012, and extremely high (48.53%) in 2013 (see Fig. S2 and Table S5). As a result, the ES 
in H2 may be altered largely due to the extreme low (high) enrichment levels in 2012 (2013). To avoid obtaining 
biased results from the damaged treatment design, we study the relations between ES and KDDs using the early 
14-year data (1998–2011). As shown in Fig. 5, a significant negative correlation between KDDs and ES of grass 
biomass was found. For high KDDs, the ES dropped, while when the KDDs were low, the effect size increased. 
we calculated the correlation between ES and KDDs, which yielded a coefficient r of −0.52 with p = 0.056. The 
regression analysis indicated that 28% of the variance in the natural logarithm ES could be explained by the natu-
ral logarithm KDDs, which was significant with p = 0.031 (Fig. 5b; see S14 for the same result but without natural 
logarithm transformation). Therefore, we have reason to believe the extremely high temperatures may control 
the ES of the grass biomass during summer, which may be associated with the reduced transpiration caused by 
reduced stomatal conductance42 and increased respiration23. In this case, KDDs could potentially be used for 
development as an index for future projections of the response of the grassland to increased [CO2].
Our work focused on a grassland in central Europe. For other ecosystems, although different ECEs may occur 
and play different roles, we believe that the findings should be similar, in that (i) the ECEs can down-regulate the 
CFEs, and (ii) a properly quantified index (e.g. KDDs) may help explain the changes in CFEs. As extreme climatic 
events such as drought, heat waves, etc., are projected to increase in both frequency and intensity14,15, the mitiga-
tory effects of C3 grassland ecosystems are likely to be restricted, leading to an accelerated warming trend in the 
future. To better understand atmosphere-vegetation interactions and further alleviate the uncertainties of future 
projections, additional results from other long-term studies over different climate zones are required.
Materials and Methods
Site description. The Gi-FACE experiment was carried out at a field site with an area of 1.5 ha in the German 
federal state of Hesse, near the town Giessen (50°32′N, 8°41′E) at 172 m a.s.l. The local annual mean precipita-
tion over the research period was 558 ± 92 mm and the annual mean 2m-air temperature was 9.4 ± 0.1 °C. The 
research area has been managed as a meadow. It was mowed twice a year and not ploughed for at least 100 years. 
Figure 5. Relationships between the killing degree days (KDDs) and the effect size (ES) of grass biomass in the 
summer harvest (H2). To remove the side effects of extreme [CO2] enrichment events in 2012 and 2013, only 
the early 14 years data (1998–2011) were used for this figure. (a) Time series of KDDs (red curve, refer to right 
axis) and the ES (black curve, refer to left axis). (b) Regression analysis, 28% variance of the natural logarithm 
effect size can be explained by the natural logarithm KDDs, which is significant with p = 0.031. For the results 
without logarithmic transformation, please refer to Fig. S14.
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The old, non-grazed grassland has been fertilized with 50–80 kg N ha−1 yr−1 up to 1995. Afterwards nitrogen fer-
tilization was reduced to 40 kg N ha−1 yr−1. The harvested biomass of this species rich grassland is dominated by 
grass, with small amounts of forb and legume included. The FACE experiment started in May 1998 and the mean 
[CO2] enrichment is +20 % above ambient during daylight hours. There are three circular plots (rings) subjected 
to elevated [CO2] (eCO2), while another three circular plots (rings) served as controls with ambient [CO2] (aCO2) 
(see Fig. S1). They were arranged in a randomized block design (three blocks). Each ring had an inner diameter of 
8 m with an inner circular buffer-zone of 0.9 m. Biomass was harvested twice a year before the end of spring (H1) 
and summer (H2). In each harvest from 1998 on, the vegetation was cut manually with garden scissors at 3–5 cm 
above the soil surface. The harvested aboveground biomass was stored at 4 °C and sorted by hand into three func-
tional groups: grasses, forbs and legumes. For more details of the site, please refer to37,38.
Data description. Aboveground biomass harvested from both spring (H1) and summer (H2) were used in 
this study. The spring harvest date was around the end of May (beginning of June) each year, while the summer 
harvest date was around the beginning of September (see Table S3). Mean biomass calculated over the three 
elevated [CO2] plots and biomass averaged over the three ambient [CO2] plots were used to quantitatively show 
the CO2 fertilization effects. Besides biomass, daily soil moisture (volumetric water content in 10 cm soil depth, 
averaged from the measurements of 4 probes in each plot), semi-hourly 2m-air temperature, semi-hourly pre-
cipitation, as well as the hourly mean of CO2 concentration measured in the center of each ring, were used in this 
study. The soil moisture (averaged over the six rings) and precipitation are used for the determination of extreme 
dry events, while the 2m-air temperature records are used for the determination of extreme cold/hot events (as 
well as hard frost events and heat wave events), and also the calculation of Killing Degree Days (KDDs). With 
the measured CO2 concentration in each ring, we investigated the true [CO2] enrichment (see Fig. S2). Before 
determining extreme events, new data such as the number of days with daily maximum temperature higher than 
30 °C, the number of consecutive rain free days, the averaged daily minimum temperatures, etc., were derived for 
each growing period, to better show the environmental properties (see Tables S4 and S5).
Statistical Analysis. Determination of the growing periods. For spring, the start of growing season was 
defined as the first day after winter, when the daily mean air temperature is higher than 5 °C (Table S4), as pheno-
logical observations showed significant aboveground growth from that day onwards and CO2 flux measurements 
show a net CO2 assimilation. The end of growing season thus was the harvest day of H1 (Table S3). For summer, 
the start of growing season was the first day after H1, while the end of growing season was the harvest day of H2 
(around the beginning of September).
Calculation of Effect Size (ES). The CO2 fertilization effects in this study are represented by the effect size (ES) of 
aboveground biomass, which is defined as:
=
−
×ES Bio eCO Bio aCO
Bio aCO
( ) ( )
( )
100%,
(1)
2 2
2
where Bio(eCO2) stands for the dry biomass matter obtained from eCO2 plots, while Bio(aCO2) represents the dry 
biomass matter obtained from the aCO2 plots. It is worth to note that there are three blocks in the experiment, 
and each block consist of two plots (one eCO2 plots and one aCO2 plots). Although the plots within each block 
are closely located (Fig. S1), they may still carry different background information which could further affect the 
productivity. Besides, from the rmANOVA (Table 1), the factor “Block” has significant effects for both the total 
biomass and the grass biomass, indicating inter-replicate discrepancies. To remove this background information, 
we used the averaged biomass (over the 3 replicates) to better estimate the CO2 fertilization effects.
Repeated-measures ANOVA (rmANOVA). To check whether the effect size (ES) was indeed induced by the 
elevated [CO2], the treatment effect was assessed by rmANOVA. Aboveground total biomass, grass biomass, and 
the forbs (incl. legumes) measured from the six plots (three blocks) were analyzed, respectively. Factors including 
time, CO2 treatment, block, as well as the interactions time × CO2, time × block were considered in the model. 
For each harvest (H1 and H2), the rmANOVA model was run for the full time period of 1998–2013. Meanwhile, 
as suggeted by the break point analysis in38, two half time sections, 1998–2005 and 2006–2013, were also analyzed 
by rmANOVA. If the p-values for the CO2 treatment is smaller than 0.05, we consider there were significant treat-
ment effect and ES can be used to represent the CO2 fertilization effect.
Competition of Plant Functional Groups (PFGs). To quantify the competition of grass with other plant func-
tional groups (forb + legume), the Relative Changes (RCs) of grass percentage compared with that in the pre-
vious year were calculated (Table S1, S2). To quantitatively test for the different RCs in eCO2 rings and in aCO2 
rings, the product of RC in eCO2 rings and RC in aCO2 rings were calculated for each year (Fig. S13). Positive 
products indicate that the grass percentages in eCO2 rings and in aCO2 rings changed towards the same direc-
tion (increased or decreased) compared with the previous year, while negative products depict different chang-
ing directions (increase and decrease). By definition, increased grass percentage in eCO2 rings and decreased 
grass percentage in a CO2 rings may contribute to an increasing ES of grass biomass (e.g., H1 in 2011), while a 
decreased grass percentage in eCO2 rings associated with an increased grass percentage in aCO2 rings lead to a 
decreasing ES of grass biomass (e.g., H2 in 2009).
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Definition of Extreme Climatic Events (ECEs). We have defined different ECEs, including extreme cold and 
hot events, extreme dry events, hard frost in spring, as well as heat wave events. Their definitions are shown 
below. It is worth to note that (i) two times standard deviation (2 SD) was widely used for the determination of 
ECEs, but other threshold (e.g. 1.5 SD) has also been checked, which gives robust results; (ii) when studying the 
period-averaged (accumulated) temperature (precipitation), linear trends over 1997–2013 were removed before 
the analysis.
Extreme cold events: For a given growing period, if (i) the minimum temperature averaged over this period 
was exceptionally low (exceeds 2 SD, based on the data from 1997–2013); or (ii) the number of days with 
below-zero daily air mean temperature (Tmean < 0 °C) was exceptionally high (exceeds 2 SD, based on the data 
from 1997–2013); or (iii) the consecutive days with Tmean < 0 °C was exceptionally long (exceeds 2 SD, based on 
the data from 1997–2013), we defined this growing period had experienced an extreme cold event (Fig. S3).
Extreme hot events: For a given growing period, if (i) the maximum temperature averaged over this period 
was exceptionally high (exceeds 2 SD, based on the data from 1997–2013); or (ii) the number of days with 
Tmax > 30 °C was exceptionally high (exceeds 2 SD, based on the data from 1997–2013); or (iii) the consecutive 
days with Tmax > 30 °C was longer than 5 days, we considered this growing period had experienced an extreme 
hot event (Figs S4, S5). Especially, when the condition (iii) was satisfied, we define a heat wave event (Fig. S5). The 
threshold 30 °C was determined according to the 95th percentile of the daily maximum temperature distribution, 
a definition similar to those used previously43.
Extreme dry events: For a given growing period, if (i) the precipitation accumulated over this period was 
exceptionally low (exceeds 2 SD, based on the data from 1997–2013); or (ii) the soil moisture averaged over this 
period was exceptionally low (exceeds 2 SD, based on the data from 1997–2013); or (iii) the consecutive rain free 
days were long enough to exceed 2 SD, we say this growing period had experienced an extreme dry event (Figs S6, 
S7).
Hard frost in spring: If in spring (March, April, and May) after the first day of the growing season, the daily 
minimum temperature dropped below −10 °C, we defined it as a hard frost event in spring (Fig. S8), which is 
believed to cause severe damages to vegetation36.
Calculation of Killing Degree Days (KDDs). KDDs is the sum of maximum temperatures in excess of 30 °C, as 
shown below,
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0 30 (2)i
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where Ti, i = 1,2, …, n represent the daily maximum temperatures from the beginning to the end of the growing 
period. KDDs is one indicator that represent the negative impacts of high temperature. Different from40, where 
the threshold was 29 °C, here in this study we use 30 °C, as this is the threshold we used to determine heat wave 
events. Fig. S4c shows the KDDs calculated for each year.
References
 1. Intergovernmental Panel on Climate Change. Climate Change 2013 - The Physical Science Basis: Working Group I Contribution to the 
Fifth Assessment Report of the Inergovernmental Panel on Climate Change (eds Stocker, T. F. et al.) Cambridge University Press, 
(2013).
 2. Dlugokencky, E. & Tans, P. NOAA/ESRL, http://www.esrl.noaa.gov/gmd/ccgg/trends/ (2017).
 3. Long, S. P., Ainsworth, E. A., Rogers, A. & Ort, D. R. Rising atmospheric carbon dioxide: plants FACE the future. Annu. Rev. Plant 
Biol. 55, 591–628 (2004).
 4. Ainsworth, E. A. & Long, S. P. What have we learned from 15 years of free-air CO2 enrichment (FACE)? A meta-analytic review of 
the responses of photosynthesis, canopy properties and plant production to rising CO2. New Phytol. 165, 351–372 (2005).
 5. Leakey, A. D. B. et al. Elevated CO2 effects on plant carbon, nitrogen, and water relations: six important lessons from FACE. J. Exp. 
Bot. 60, 2859–2876 (2009).
 6. Quéré, C. L. et al. Trends in the sources and sinks of carbon dioxide. Nature Geosci. 2, 831–836 (2009).
 7. Schimel, D. S. et al. Recent patterns and mechanisms of carbon exchange by terrestrial ecosystems. Nature 414, 169–172 (2001).
 8. Hörtnagl, L. et al. Greenhouse gas fluxes over managed grasslands in Central Europe, Glob. Change. Biol., in press (2018).
 9. Williams, I. N., Torn, M. S., Riley, W. J. & Wehner, M. F. Impacts of climate extremes on gross primary production under global 
warming. Environ. Res. Lett. 9, 094011 (2014).
 10. Ciais, P. et al. Europe-wide reduction in primary productivity caused by the heat and drought in 2003. Nature 437, 529–533 (2005).
 11. Zhao, M. & Running, S. W. Drought-induced reduction in global terrestrial net primary production from 2000 through 2009. 
Science 329, 940–942 (2010).
 12. Reichstein, M. et al. Climate extremes and the carbon cycle. Nature 500, 287–295 (2013).
 13. Fahad, S. et al. Crop production under drought and heat stress: plant responses and management options. Front. Plant Sci. 8, 1147 
(2017).
 14. Sillmann, J., Kharin, V. V., Zwiers, F. W., Zhang, X. & Bronaugh, D. Climate extremes indices in the CMIP5 multimodel ensemble: 
Part 2. Future climate projections. J. Geophys. Res. 118, 2473–2493 (2013).
 15. Christidis, N., Jones, G. S. & Stott, P. A. Dramatically increasing chance of extremely hot summers since the 2003 European 
heatwave. Nature Clim. Change 5, 46–50 (2015).
 16. Zhu, X. et al. Systematic analysis of Hsf family genes in the Brassica napus genome reveals novel responses to heat, drought and high 
CO2 stresses. Front. Plant Sci. 8, 1174 (2017).
 17. Huntzinger, D. N. et al. Uncertainty in the response of terrestrial carbon sink to environmental drivers undermines carbon-climate 
feedback predictions. Sci. Rep. 7, 4765 (2017).
 18. Long, S. P. Modification of the response of photosynthetic productivity to rising temperature by atmospheric CO2 concentrations: 
Has its importance been underestimated? Plant Cell Environ 14, 729–739 (1991).
 19. Ainsworth, E. A. & Rogers, A. The response of photosynthesis and stomatal conductance to rising [CO2]: mechanisms and 
environmental interactions. Plant Cell Environ 30, 258–270 (2007).
www.nature.com/scientificreports/
9SCIENTIFIC REPORts |         (2018) 8:17758  | DOI:10.1038/s41598-018-36157-x
 20. Morgan, J. A. et al. Water relations in grassland and desert ecosystems exposed to elevated atmospheric CO2. Oecologia 140, 11–25 
(2004).
 21. Kellner, J. et al. A coupled hydrological-plant growth model for simulating the effect of elevated CO2 on a temperate grassland. Agric. 
For. Meteorol. 246, 42–50 (2017).
 22. Ding, J. et al. Increasingly Important Role of Atmospheric Aridity on Tibetan Alpine Grasslands. Geophys. Res. lett. 45, 2852–2859 
(2018).
 23. Haworth, M. et al. Carbon dioxide fertilisation and supressed respiration induce enhanced spring biomass production in a mixed 
species temperate meadow exposed to moderate carbon dioxide enrichment. Funct. Plant Biol. 43, 26–39 (2016).
 24. Bishop, K. A., Leakey, A. D. B. & Ainsworth, E. A. How seasonal temperature or water inputs affect the relative response of C3 crops to 
elevated [CO2]: a global analysis of open top chamber and free air CO2 enrichment studies. Food and Energy Security 3(1), 33–45 (2014).
 25. Bernacchi, C. J. et al. Hourly and seasonal variation in photosynthesis and stomatal conductance of soybean grown at future CO2 
and ozone concentrations for 3 years under fully open-air field conditions. Plant Cell Environ 29, 2077–2090 (2006).
 26. Robredo, A. et al. Elevated CO2 alleviates the impact of drought on barley improving water status by lowering stomatal conductance 
and delaying its effects on photosynthesis. Environ. Exp. Bot. 59, 252–263 (2007).
 27. Yu, J., Chen, L., Xu, M. & Huang, B. Effects of elevated CO2 on Physiological responses of tall fescue to elevated temperature, drought 
stress, and the combined stresses. Crop Sci. 52, 1848–1858 (2012).
 28. Roy, J. et al. Elevated CO2 maintains grassland net carbon uptake under a future heat and drought extreme. Proc. Natl Acad. Sci. USA 
113, 6224–6229 (2016).
 29. Hovenden, M. J., Newton, P. C. D. & Wills, K. E. Seasonal not annual rainfall determines grassland biomass response to carbon 
dioxide. Nature 511, 583–586 (2014).
 30. Reich, P. B., Hobbie, S. E. & Lee, T. D. Plant growth enhancement by elevated CO2 eliminated by joint water and nitrogen limitation. 
Nature Geosci. 7, 920–924 (2014).
 31. Duan, H. et al. Elevated [CO2] does not ameliorate the negative effects of elevated temperature on drought-induced mortality in 
Eucalyptus radiata seedlings. Plant Cell Environ. 37, 1598–1613 (2014).
 32. Brookshire, E. N. J. & Weaver, T. Long-term decline in grassland productivity driven by increasing dryness. Nature Commun. 6, 7148 
(2015).
 33. Liu, Q. et al. Extension of the growing season increases vegetation exposure to frost. Nature Commun. 9, 426 (2018).
 34. Fitzgerald, G. J. et al. Elevated atmospheric [CO2] can dramatically increase wheat yields in semi-arid environments and buffer 
against heat waves. Global Change Biol. 22, 2269–2284 (2016).
 35. Obermeier, W. A. et al. Reduced CO2 fertilization in temperate C3 grasslands under more extreme weather conditions. Nature Clim. 
Change 7, 137–141 (2017).
 36. Frank, D. et al. Effects of climate extremes on the terrestrial carbon cycle: concepts, processes and potential future impacts. Global 
Change Biol. 21, 2861–2880 (2015).
 37. Jäger, H.-J. et al. The Univeristy of Giessen Free-Air Carbon Dioxide Enrichment study: de scription of the experimental site and of 
a new enrichment system. J. Appl. Bot. 77, 117–127 (2003).
 38. Andresen, L. C. et al. Biomass responses in a temperate European grassland through 17 years of elevated CO2, Glob. Change. Biol. 
https://doi.org/10.1111/gcb.13705 (2017).
 39. Luterbacher, J. et al. The exceptional European warmth of Autumn 2006 and Winter 2007: Historical context, the underlying 
dynamics and its phenological impacts. Geophys. Res. Lett. 34, L12704 (2007).
 40. Butler, E. E. & Huybers, P. Adaptation of US maize to temperature variations. Nature Clim. Change 3, 68–72 (2012).
 41. Obermeier, W. A., Lehnert, L. W., Ivanov, M. A., Luterbacher, J. & Bendix, J. Reduced summer aboveground productivity in 
temperate C3 grasslands under future climate regimes, Earth's Future, https://doi.org/10.1029/2018EF000833 (2018).
 42. De Boeck, H. J. & Verbeeck, H. Drought-associated changes in climate and their relevance for ecosystem experiments and models. 
Biogeosciences 8, 1121–1130 (2011).
 43. Anderson, G. B. & Bell, M. L. Heat waves in the United States: Mortality risk during heat waves and effect modification by heat wave 
characteristics in 43 U.S. communities. Environ. Health Perspect. 119, 210–218 (2011).
Acknowledgements
This work is funded by the LOEWE excellence cluster FACE2FACE of the Hessen State Ministry of Higher 
Education, Research and the Arts. We also acknowledge the long-term funding of the GiFACE infrastructure 
by the Hessian Agency for Nature Conservation, Environment and Geology (HLNUG). N. Y. acknowledges the 
supports from National Natural Science Foundation of China (No. 41675088), and the CAS Pioneer Hundred 
Talents Program. We thank LetPub (www.letpub.com) for its linguistic assistance during the preparation of this 
manuscript.
Author Contributions
N.Y., J.L. and C.M. designed the study. N.Y. and G.M. performed the study. N.Y., J.L. and G.M. wrote the 
manuscript. C.M., W.A.O. and J.B. revised the manuscript. All authors reviewed the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-36157-x.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
